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ORTHOGONALLY REFERENCED 
INTEGRATED ENSEMBLE FOR 
NAVIGATION AND TIMING 

FEDERALLY SPONSORED RESEARCHOR 
DEVELOPMENT 

This invention described in this disclosure was made with 
government support under Prime Contract Number 
DE-AC05-00OR22725 awarded by the Department of 
Energy. The government has certain rights in this invention. 

BACKGROUND 

1. Field of the Disclosure 
This disclosure relates to an orthogonally referenced inte 

grated ensemble for obtaining measurements for navigation 
and timing. 

2. Description of the Related Art 
Navigation systems have been developed to locate an 

object on the Surface of the earth and to assistin navigating the 
object to a desired destination. Various means for locating the 
object have been developed. Such as utilizing a global posi 
tioning system (“GPS), an improved “theater (or “terres 
trial) positioning system (“TPS) which utilizes radio fre 
quency signals transmitted to a local or regional area, and 
inertial navigation systems (“INSs) which utilize inertial 
sensors to supplement the GPS and/or TPS. 

Navigation systems utilizing the three locating means 
GPS, TPS, and INS have been developed such that when one 
or more means become unreliable or otherwise not fit for 
accurately locating an object, the remaining locating means 
may be used. Such systems may include internal oscillators to 
keep precise timing for operating the GPS and TPS systems. 
Oscillators may also be used as inertial sensors for detecting 
relative motion in the INS system. However, oscillators hav 
ing low acceleration or motion sensitivities Suitable for pre 
cise timekeeping are generally not suitable as inertial sensors 
used for INS systems. High-sensitivity oscillators are there 
fore preferred for INS systems. 

Therefore, a need exists to address the problems noted 
above and others previously experienced. 

SUMMARY 

An orthogonally referenced integrated ensemble for navi 
gation and timing (“ORIENT) includes a dual-polyhedral 
oscillator array, including an outer sensing array of oscillators 
and an inner clock array of oscillators deployed inside the 
outer sensing array. The outer sensing array includes a first 
pair of sensing oscillators situated along a first axis of the 
outer sensing array, a second pair of sensing oscillators situ 
ated along a second axis of the outer sensing array, and a third 
pair of sensing oscillators situated along a third axis of the 
outer sensing array. The inner clock array of oscillators 
includes a first pair of clock oscillators situated along a first 
axis of the inner clock array, a second pair of clock oscillators 
situated along a second axis of the inner clock array, and a 
third pair of clock oscillators situated along a third axis of the 
inner clock array. In an embodiment, the outer sensing array 
and the inner clockarray each may be a cubic array. In another 
embodiment, the outer sensing array and the inner clockarray 
each may be a dodecahedral array. 
A dual-mode oscillator (DMO) includes a crystal operable 

to oscillate in a main or primary mode and in a secondary 
temperature-measurement mode, the crystal further operable 
to output an oscillation signal, a first circuit operable to sepa 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
rate a main signal of the main mode from the oscillation 
signal, a second circuit operable to separate a temperature 
measurement signal of the temperature-measurement mode 
from the oscillation signal, and a signal processor coupled to 
the first circuit and the second circuit, the signal processor 
configured to generate an output signal. The temperature 
measurement mode may be a fifth-overtone mode. 
A differential oscillator includes a crystal operable to oscil 

late in a main mode and in a secondary mode, the crystal 
further operable to output an oscillation signal, a first circuit 
operable to separate a main signal of the main mode from the 
oscillation signal, and a second circuit operable to separate a 
secondary signal of the secondary mode from the oscillation 
signal. The first circuit and the second circuit are both dis 
posed in a Substantially symmetrical differential layout, and 
the first circuit and the second circuit each includes an auto 
matic oscillator gain-control (AGC) loop coupled to the oscil 
lator circuit. 
A multi-mode oscillator includes a crystal operable to 

oscillate in a main mode, in a secondary mode and in a tertiary 
mode. The crystal oscillator may be further operable to output 
an oscillation signal. The multi-mode oscillator further 
includes a first circuit operable to separate a main signal of the 
main mode from the oscillation signal, a second circuit oper 
able to separate a secondary signal of the secondary mode 
from the oscillation signal, a third circuit operable to separate 
a third signal of the tertiary mode from the oscillation signal, 
and a signal processor coupled to the first circuit, the second 
circuit and the third circuit. The signal processor is configured 
to generate a first output signal based on the main signal and 
the secondary signal in response to the secondary mode being 
stable, and generate a second output signal based on the main 
signal and the tertiary signal in response to the secondary 
mode being unstable or unreliable. 
A method for reducing mode-jumping in a dual-mode 

oscillator includes driving a crystal operable to oscillate in 
two different modes in an oscillator loop, and modifying a 
signal in the oscillator loop to reduce mode-jumping. 
An electronic automatic oscillator gain-control (AGC) cir 

cuit includes a balanced bridge network operable to regulate 
circuit gain, where the balanced bridge network includes a 
single-ended gain-control device operable to regulate the cir 
cuit gain while maintaining approximate balance in the bal 
anced bridge network. In an embodiment, the electronic AGC 
circuit includes an electronically adjustable differential 
attenuator, which can have noise contributions from only one 
device. In another embodiment, the electronic AGC includes 
an electronically variable differential attenuator including 
only linear circuit elements. In yet another embodiment, the 
electronic AGC circuit includes an electronically variable 
differential attenuator having noise contributions from only 
one active device and fixed resistors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a perspective view of a cubic array of the 
ORIENT system. 

FIG. 2 shows a diagram of a detailed view of the cubic 
array. 
FIG.3 shows a diagram of a dual-cubic array. 
FIG. 4 shows a plot of the frequency-versus-temperature 

linearity of the crystal’s B mode. 
FIG. 5 shows a graph illustrating the result of the tempera 

ture-compensation performance of an embodiment. 
FIG. 6 shows a photograph of a differential oscillator cir 

cuit 
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FIG.7 shows a block diagram of a differential DMO circuit 
of an embodiment. 

FIG. 8 shows a phase noise plot which compares the dif 
ferential circuit implemented in an embodiment, and a single 
ended oscillator electronic architecture. 5 

FIGS. 9A and 9B show a schematic diagram of a dual 
mode differential oscillator circuit according to an embodi 
ment. 

FIGS. 10A and 10B show a diagram of a dual-mode dif 
ferential Driscoll oscillator circuit implementation. 

FIGS. 11A and 11B show a diagram of another embodi 
ment of the dual-mode differential Driscoll circuit. 

FIGS. 12A and 12B show a diagram of another embodi 
ment of the dual-mode differential Driscoll oscillator circuit. 

10 

15 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The Orthogonally Referenced Integrated Ensemble for 
Navigation and Timing (“ORIENT' system) configuration 
includes a dual-cubic oscillator array. The dual-cubic array 
may include an outer cubic array and an inner cubic array 
which may be disposed inside the outer cubic array. The outer 
cubic array may be configured to be used as inertial sensors, 
and the inner cubic array may be configured to be used for 
measuring time. 

FIG. 1 shows a perspective view 100 of an example of a 
cubic array 102 of the ORIENT system. The inner cubic array 
102 may include a determined number of oscillators, such as 
six arrayed oscillators, each oscillator placed on opposite 
faces of the cube, corresponding to directions +X, -X, +Y. 
-Y, +Z, and -Z, normal to the planes of the respective oscil 
lators. Thus, a pair of matched oscillators may lie oppositely 
oriented on each orthogonal axis (X,Y,Z) of a cube. 
The oscillators may include piezoelectric quartz crystals 

and may be affected by directional stresses due to accelera 
tions. The placement of pairs of oscillators, such as the three 
bi-orthogonal oscillator pairs, may reduce motion-generated 
frequency shifts of the array output signals, since to a first 
order the acceleration-induced frequency shifts may cancel in 
the combined array. The slight changes due to acceleration of 
the oscillator circuits themselves, though usually at least an 
order of magnitude lower than the crystal effects, may be 
similarly cancelled by the cubic array configuration. 
The cubic array 102 may be configured to be used as a 45 

"clock” to keep track of time. For the cubic array 102, a 7th 
oscillator 104 may be provided and coupled to the arrayed 
oscillators. The 7th oscillator 104 may be a master oscillator 
that may be controlled by the outputs of the six other oscilla 
tors, and may output signals which may be used to keep track 50 
of time. While FIG. 1 indicates the 7th oscillator 104 is 
disposed inside the inner cubic array 102, the physical posi 
tioning of the 7th oscillator 104 is not limited to the inside of 
the cubic array 102. 

FIG. 2 shows a diagram of an example detailed view 200 of 55 
the cubic array 102. The cubic array 102 may be a fully 
integrated ensemble of a determined number, such as seven 
(six and a master oscillator), precision, Small, low-power 
quartz-crystal timing oscillators, tightly matched and com 
pensated, both individually and as a unit, for temperature, 60 
shock/acceleration effects, and long-term drift. The cubic 
array 102 may exhibit: (1) rubidium-like stability at much 
lower size, weight, and power; (2) high acceleration and 
shock tolerance; (3) wider ambient operating temperature 
range; and (4) high reliability. In an embodiment, high reli- 65 
ability may be achieved by providing a clock check system, 
such as an internal Particle filter or other algorithms to reject 
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4 
data from clocks (for example, oscillators) that do not meet 
certain statistical criteria. The output stability of the Particle 
filter (in both frequency and time) may be better than the best 
of the clocks in the cubic array. The Particle filter may also 
significantly reduce the clock deviation errors from other than 
Gaussian white-noise behavior. 
The cubic array 102 may provide short-term timing and 

frequency performance Superior to much higher-power 
quartz or atomic clock implementations, yet may retain the 
ability to be long-term calibrated via managed external ref 
erences such as GPS or TPS. The cubic array 102 may be 
much more rugged and power-efficient than chip-scale 
atomic clock (CSAC) or rubidium clocks, while maintaining 
comparable levels of stability with reasonable calibration 
intervals. 

While the example of FIG.2 shows the oscillators disposed 
or positioned substantially in a line, the oscillators of the 
cubic array may be disposed in a cubic or other regular poly 
hedral configurations, such as, for example, a dodecahedron 
(12-sided solid). As discussed above, when deployed in a 
cubic configuration with three pairs of bi-orthogonally 
mounted sensing crystal oscillators, the cubic array may pro 
vide effective first-order cancellation of acceleration effects 
by dynamically averaging the frequency shifts of oppositely 
mounted crystals. 

FIG.3 shows a diagram 300 of an example dual-cubic array 
302, which may include an inner cubic array 303 and the outer 
cubic array 304. The inner cubic array 303 may be imple 
mented with the cubic array 102. The inner cubic array 303 
may be situated inside the outer cubic array 304. The outer 
cubic array 304, via differential frequency measurements, 
may accurately measure both linear and rotational accelera 
tions in all six directions (X,Y,Z, roll, pitch, and yaw) relative 
to the dual cubic array 302 at a main-axis frequency sensitiv 
ity of about 10/g. With a nominal noise floor at about 10', 
acceleration measurements down to about 10 ug are possible. 
As used herein, the symbol '-' represents about. This per 
formance level may allow the outer cubic array 304 to “fly 
wheel” both time and position from a reference GPS or TPS 
position/time fix accurately for several hours to days when 
GPS or TPS reception is lost. In one example, the projected 
timingholdover figures (RMS) may be 50 ns 1 hr., 1.2 us 24 
hr, and 35us 1 mo; the corresponding position drift figures 
may be 0.2 m 1 hr. 0.8 m 24 hr, and 4.4 m (1 mol. 

For the inner cubic array 303, crystals with low sensitivities 
of the operating frequency to motional accelerations may be 
used. The use of low-sensitivity crystals may provide for a 
stable clock performance, for example timekeeping accuracy 
and low drift, in dynamic environments. The sensitivity may 
be represented by a parameter Ay/Aa, a proportional change 
in frequency in response to a given acceleration of the crystal 
(or oscillator). This parameter may be referred to as gamma 
(T). Gamma may be a function of the specific crystallo 
graphic axis and the direction and magnitude of the accelera 
tion vector. 

Since for most environments the dominant acceleration 
factor is the earth's gravity, g(~9.8 m/s), the value of gamma 
for low sensitivities may be in the range of 10/g to 10/g, 
and preferably approach 10''/g. 
The outer cubic array 304 may be configured to be used as 

orthogonal accelerometers (“sensors'). The outer cubic array 
304 may include a second set of crystal-driven oscillators or 
other means such as MEMS accelerometers, for sensing with 
higher gammas as compared to the oscillators used for the 
clocks in the inner cubic array 102. The gamma for the outer 
cubic array 304 may be, for example, 10/g. The outer cubic 
array 304 may exhibit greater sensitivity (higher gammas) 
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and may be configured to exhibit a larger motional aperture to 
improve its sensitivity to rotations. 
A description of the performance of an example embodi 

ment of a basic single cubic-configuration oscillator System is 
shown below, given the following assumptions: 

T(nominal)-y/g-2x10 g 

Measurement noise floor (flicker-limited)-2x10' (t=1 
sec) 

Gravitational acceleration g-9.8 m/s 
Earth's radius (mean)-6371 km=6.371x10 m 
Thus, for a point on the earth's surface, the overall centrip 

etal acceleration may be given by: 

Thus for T-2x10/g, the frequency change is: 
Aff=T-a-(2x10/g)(3.457x10g)=6.914x10'. 

As shown in FIG. 1, a cubic array of the system may be 
configured in a predetermined size, such as a 2-cm edge cube. 
The radius (moment arm) for this configuration is thus 1 cm. 
For a nominal platform angular rotation rate of 1°/sec, the 
corresponding acceleration figures are: 

1 sec--0.01745 radisec 

and finally, Aff=Ta-(2x10'g)(3.1x10"g)=6.2x 
10-16. 

Assuming the rotation is in a principal plane of the cube, 
the dual-cubic array configuration will quadruple the effec 
tive sensitivity to ~2.44x10'. 

In an embodiment, a single cubic array configuration, Such 
as the cubic array 102 as shown in FIGS. 1 and 2, may be used 
to serve as both a clock and an inertial sensor. If higher-T 
crystals or sensors (for example, with T-2x10/g) are used 
for the acceleration/inertial sensing for the nominal cubic 
array configuration, the ORIENT system can have much 
higher sensitivities. Returning to the 1/sec rotating-platform 
scenario above, we have: 

1 sec--0.01745 radisec 

a=(or=(0.01 m) (0.017 rad/sec)?-3.04.5x10 
m/s2=3.1x107g 

and thus, Aff=Tar-(2x10/g)(3.1x107g)(4)=2.48x 
10-12. 

This sensitivity level is near the nominal measurement 
flicker floor. In the inner or outer cubic array, PM- or FM 
demodulation of the oscillator waveforms may be performed, 
since any unit motion will be reflected in very low-level 
PM/FM modulation sidebands, albeit at quite low frequencies 
(a few HZ at best). Since the intrinsic oscillator output signals 
generally have high signal-to-noise ratios (SNRs). Success 
ful detection of modulation levels as low as those from earth 
rotation may be made, given Sufficient post-demodulation 
averaging times. Assuming a nominal oscillator output fre 
quency of 10.00 MHz and the higher crystal gammas as 
above, a 1°/sec rotation at the earth's surface will produce a 
frequency deviation Aflof (2.48x10')x(1.00x107)=2.48x 
10 Hz, which yields a phase progression of 8.928 m/sec. 
which is detectable with high-quality electronic phase-detec 
tion circuitry driven by a suitably stable reference signal. 
A wide variety of analog and digital circuitry can be used to 

implement such PM or FM detectors, including phase-locked 
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6 
loops and direct digital synthesizer (“DDS) type circuits, 
which consist of digital accumulators, registers, and counters, 
coupled to digital-to-analog converters ("D/As”) to produce 
the desired analog output signals with very fine control of 
amplitude and phase. To achieve long phase-averaging times 
and thus effectively compensate long-term (low-frequency) 
phase noise, the standard digital accumulator widths (i.e., 
number of bits) can be increased to achieve the large counts 
required for averaging over long periods (hours to days), 
especially for high-stability timekeeping clock applications. 
These DDS subsystems may be tailored to produce low spu 
rious components at both low and high frequencies. This 
embodiment may also include use of high-resolution D/A 
converters (typically 16 to 24bits), often with sigma-delta or 
other architectures capable of low-spurious output signal 
components. 
The ORIENT system for timekeeping and/or accelerom 

etry may include high-performance analog oscillators, such 
as an array of seven for a single cubic unit, or thirteen for 
dual-cubic configurations. Alternative DDS-based circuits 
may also be used, either for all oscillators or at least the master 
oscillator 104, which may be generally frequency- and phase 
controlled by a weighted combination of the other, indepen 
dent oscillators. As discussed above, the independent oscil 
lators may serve as acceleration sensors. DDS 
implementations of the oscillators or ancillary phase-locked 
loop filtering circuits may provide increased flexibility in 
selecting or adaptively programming loop filter cutoff fre 
quencies and time constants, separating environmentally-in 
duced vibrational frequency bands from long-term drift 
mechanisms, and providing dynamically adaptive or pro 
grammable loop and/or processing filters within the oscillator 
systems for special-application scenarios. 

Digital implementations, including FPGAs, microproces 
sors and microcomputers, may also be generally used in 
oscillator systems for implementing additional control func 
tions, logic operation, numerical processing, power manage 
ment, drift compensation, and data storage, preferably for 
calibration constants, trends, and adaptive processing algo 
rithms. The application of PM, FM and/or AM demodulators 
may also be useful for sensing environmental changes in the 
oscillator-system output-signal phase, frequency, and ampli 
tude, as well as detecting any mal-performance of oscillator 
circuitry or excessive deviations in critical operational or 
environmental parameters which may impair system accu 
racy or stability. 
Dual-/Multi-Mode Oscillator 

In an embodiment of the ORIENT system with dual cubic 
array 302, quartz crystals which may be operated in multiple 
simultaneous vibration modes may be used as oscillators. 
This approach is termed the dual-mode oscillator (“DMO) 
or multi-mode oscillator (“MMO), depending on the num 
ber of oscillator modes used. In an embodiment, the differ 
ential DMO/MMO circuit may reduce the close-in (low-fre 
quency) phase noise by about a factor of 100. A main 
oscillation mode (for example, a C mode) of the crystal is 
generally the Source of the output signal but may be slightly 
frequency-corrected according to the internally measured 
crystal temperature and Subsequently used as the final stabi 
lized output. This approach may be called the temperature 
compensated crystal oscillator (“TCXO’) approach. A tem 
perature-measurement (“T) mode (for example, a B mode) 
may be used to determine the actual temperature of the quartz 
blank itself. The separate T mode allows this embodiment of 
the ORIENT system to measure temperature to a higher accu 
racy as compared with methods such as using thermistors or 
RTDS. 
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In a DMO TCXO configuration of the ORIENT system, 
different modes of different crystals may be used. In a third 
overtone stress-compensated (SC) cut crystal, the main (C) 
mode has a temperature-versus-frequency coefficient of 
about +1 ppm/°C., whereas the secondary (B) mode fre 
quency has an average coefficient of approximately -27 
ppm/°C. IT cut crystals may show similar characteristics; 
other cuts Such as AT may show generally less preferable 
characteristics in both short- and long-term stability (and 
correspondingly in low-frequency phase noise). 

For temperature compensation, SC cut or other doubly 
rotated crystals (for example, IT cut) of the secondary B mode 
of the crystal may be used. The B mode of the crystal propa 
gates acoustic waves in the crystal lattice in a roughly 
orthogonal mode compared to the normal, stable C mode. For 
an SC cut crystal with a third-overtone C mode (“C.”) at 
10.00 MHz, the third-overtone B mode (“B”) occurs at 
roughly 10.8 MHz and has a temperature coefficient of about 
-26.7 ppm/°C., versus the C mode temperature coefficient 
of about +1 ppm/°C. Thus the B oscillating mode in such an 
SC cut crystal may serve as a tightly coupled thermometer, 
since it is actually measuring the temperature of the crystal 
itself rather than an adjacent component such as with a ther 
mistor, RTD, thermocouple, or such. 

In a B-C dual-mode oscillator (“DMO”) configuration, 
an output frequency derived from mixing (Subtracting or 
beating) the B and C mode frequencies, to produce a B-C 
difference frequency, may be substantially linear Versus crys 
tal temperature. 

In an embodiment, the B-C mode temperature-compen 
sated configuration may use a fifth-overtone B (“Bs) mode, 
instead of the B mode, to address temperature-induced insta 
bilities, where at specific temperatures of the crystal lattice 
the acoustic energy can jump' to different modes (and 
planes) of vibration. This effect may be referred to as a crystal 
“activity dip', where the desired mode may rather abruptly 
lose amplitude (activity) or “dip’ as a result of this undesired 
exchange of acoustic energy within the crystal between the 
selected and another (spurious) mode. A typical example is 
where the normal C mode oscillation undesirably jumps to 
the adjacent (and higher-gain) B mode. This effect may also 
be called a mode jumping (“MJ'). In the B mode there may be 
temperature regions of instability mixed in with regions of 
normal operation, though the positions (temperature Zones) 
of these regions are not completely stable with time. This 
jump phenomenon causes abrupt discontinuities in the oscil 
lator output frequency and phase, which due to hysteresis 
may not return to the starting points when the temperature is 
cycled back to the original value. 
The Bs oscillation mode tracks crystal temperature very 

linearly and is free, or substantially free, of the MJ behavior, 
which may be observed in the C-B DMO configuration. 
This freedom from MJ may be preferred in clocks. Since in a 
typical 10,000-MHz C oscillator the Bs mode appears at 
~18.4 MHz, the interaction observed between C and B 
modes that may induce MJ is absent or substantially reduced. 
FIG. 4 shows a plot of the frequency-versus-temperature lin 
earity of the crystals B mode of an embodiment of ORIENT 
system. A usable beat frequency for this configuration is the 
simple difference Bs-C; an alternative, more mathematically 
accurate form of this beat frequency is /SB5-/3C, where the 
computed values is preferably implemented via digital cir 
cuitry such as in FPGAs. Other similar proportional functions 
may also be employed for this temperature-monitoring pur 
pose. 

The crystals B mode may also be used if sufficiently 
stable (assuming the crystal was appropriately configured so 
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8 
as not to Suppress that mode). Alternatively. A modes for SC 
cut or IT cut crystals may also be used for temperature track 
ing (the corresponding. A modes have higher resonant fre 
quencies than the corresponding B modes, which are them 
selves higher than the same-indexed C modes). 

Further, doubly rotated IT cut quartz crystals may also be 
used, since they also possess useable B modes. Since the IT 
cut units may be processed to have turnover frequencies much 
closer to room temperature than corresponding SC cut crys 
tals, they may be preferred for near room-temperature appli 
cations such as for low-powerTCXOS. For example, using an 
IT cut crystal with a standard C oscillation mode at 10.002 
MHz (with the 2-kHz offset from the nominal frequency for 
multiple-oscillator ensembling purposes), the corresponding 
Bs mode of the crystal may occur at 18.432 MHz. This fre 
quency allows easier separation from the C mode with low 
cost, low-complexity filters since the proportional difference 
is >80% rather than ~9% as with the B mode. In addition, the 
frequency-versus-temperature linearity of the Bs mode is 
mostly higher than the B mode, further improving the sim 
plicity and robustness of this DMO circuit design. The IT cut 
crystal may be preferred for use in the low-power TCXO 
application in comparison, to an SC cut unit, whose fre 
quency-versus-temperature coefficient is on the order of +10 
ppm/°C. near 25°C., whereas the IT cut unit is at least 25% 
less. 
The Bs mode of the IT cut crystal may typically exhibit a 

series resistance of about 165-170 ohms, compared with the 
C-mode resistance of 35-38 ohms. The higher resistance of 
the B5 mode of the IT cut crystal helps eliminate or substan 
tially reduce the mode-jumping. In SC cut crystals, the cor 
responding mode resistances are 54-5892 for C, under 50.2 
for B and >15092 for B modes. Thus, MJ may be eliminated 
or substantially reduced in SC cut crystals when the B-C, 
DMO configuration is used. In an embodiment, digital logic 
may be added to an analog oscillator to handle frequency 
measurements and comparisons between the various C, and 
B, modes to serve specific crystal and circuit requirements. 

In another embodiment, the ORIENT system may include 
a multi-mode oscillator (“MMO”) configuration. The MMO 
configuration may include the fundamental C ('C') mode, 
the C mode, and a B mode, of the SC cut crystal. C and C. 
modes both use C-plane vibrations and are each stable and 
predictable with temperature and are free of jumps over a 
wide range of temperatures, including a preferred range of 
about -55° C. to +125° C. In another embodiment of the 
MMO configuration, the Bs mode may be used instead of the 
C mode. 
The oscillator system using the MMO configuration may 

be operable to detect MJ of a B-C pair of the MMO. When 
no MJ or other unstable operation is detected on the B mode, 
the MMO system may utilize the B-C pair. The MMO 
system may switch to the C-C setup when MJ is detected on 
the B mode, or when the B mode becomes otherwise 
unstable or unsuitable for measuring temperature data. In this 
case, the discontinuities of the B mode may be ignored and 
the C temperature data may be utilized until the B mode is 
determined to be sufficiently stable to be employed again. In 
all cases, the stable, continuous C mode may handle the 
actual oscillator output frequency and phase (time) genera 
tion tasks. FIG. 5 shows a graph. 500 illustrating an example 
of the result of the temperature-compensation performance of 
the ORIENT system using DMO in TCXO configuration. The 
flat dotted line 502 shows a result of the frequency correction. 
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Mode Jumping Detection and Reduction Methods 
Several methods of MJ detection or reduction of the effects 

of MJ for the MMO or other DMO circuits may be used, as 
described below. 

In an embodiment, broadband or narrowband noise may be 
added to the oscillator loop to reduce M.J. Preferably, harmon 
ics and/or Subharmonics can be Summed into the crystal-drive 
signal to reduce M.J. Jumps into the B mode may be signifi 
cantly reduced or eliminated by ramping up the oscillator 
frequency at a controlled rate during oscillator startup or by 
injecting radio frequency (RF) energy near the desired (for 
example, C-mode) frequencies via external means. Phase 
shifts, harmonics, or phase-controlled harmonic components 
in the oscillator electronics may be used to shift the crystal out 
of undesired modes (for example, jump-prone or other 
unstable or undesirable modes), by analog, digital, or combi 
nation (hybrid analog/digital) means. 

In another embodiment, the method may detect the oscil 
lator loop phase to determine MJ. If detected, the loop phase 
may be perturbed to “kick” the crystal back into the proper 
mode. Bandpass filters (BPFs) to control the phase and reduce 
or eliminate spurious oscillation modes may be inserted into 
the loop for startup and then switched out for normal opera 
tion after the loop stabilizes. 
As discussed above, using a Bs mode instead of B mode 

allows MJ to be substantially reduced or eliminated. 
Other methods of oscillator-loop mode control include 

limiting the permissible rate of phase change (vs. time) in the 
oscillator loop (Subject to system constraints), via analog, 
digital, or hybrid techniques. Also, cross-coupling the 2, 3, or 
more oscillator control Voltages (one per oscillator or con 
trolled mode) can be used to detect and/or control MJs. 

Controlled oscillator startup may be implemented by using 
DDS at first to select the desired crystal mode (the “seed' 
frequency), then once the crystal is stably oscillating on the 
desired mode, switching within the overall loop to a more 
conventional analog oscillator circuit. 
Differential Oscillator 

In an embodiment, the ORIENT system may implement a 
differential configuration for the oscillators. FIG. 6 shows a 
photograph 600 of an example differential oscillator circuit. 
The differential oscillator circuit may be implemented in a 
Substantially symmetrical layout, which may contribute to the 
electrical balance of two mirror-image halves of the system. 
FIG. 7 shows a block diagram 700 of an example of a differ 
ential DMO circuit which may be used in the ORIENT sys 
tem. While FIG.7 shows an IT cut crystal 712, other types of 
crystals may also be used, as discussed above. The differential 
DMO circuit may include a first circuit 702 for separating a 
main mode signal from the output of the crystal, and a second 
circuit 704 for separating a secondary mode (T mode) signal 
from the output of the crystal. The first and second circuits 
702 and 704 may be coupled to a mixer 706 and a signal 
processor 708, which may receive the signals output by the 
first and second circuits and generate a temperature-compen 
sated final output 710. 

FIG. 8 shows an example of a phase noise plot 800 which 
compares the differential circuit implemented in an embodi 
ment, and a single-ended oscillator electronic architecture. As 
compared to a single-ended configuration, the differential 
circuit of an embodiment may provide reduced low-fre 
quency phase noise. 

Differential circuitry allows elimination or substantial 
reduction of common-mode bias drifts. Also, full-tempera 
ture bias compensation of all or Substantially all critical oscil 
lator electronic nodes may be implemented in ASIC-based 
circuits, which inherently can also provide device? offset 
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10 
matching on the order of +1% or better. This is equivalent to 
a 40-dB suppression of common-mode effects. The improved 
balance of the differential circuit configuration provides 
improved even-order harmonic Suppression and further helps 
minimize level-dependent bias shifts in the oscillator output 
waveforms. Such features allow realization of reduced low 
frequency (for example, <1-HZ) phase noise in the final out 
put, which is often indistinguishable from bias drifts. This 
reduction of low-offset phase noise is preferable for high 
quality timekeeping oscillators ('clocks”). 

In an embodiment, the ORIENT system may include auto 
matic oscillator gain-control (AGC) loops to provide 
improved frequency stability in critical, high-precision appli 
cations since the slight nonlinearities of real quartz crystals 
transform Small drive-level variations into phase/frequency 
shifts due to the AM-to-PM conversion process. Thus, an 
AGC loop may be preferably used in the oscillator to mini 
mize this effect by presenting a very constant alternating 
current (AC) radio frequency (RF) drive level to the crystal 
terminals. 
An AGC may further maintain the oscillation loop in a 

Substantially linear mode, thus Substantially reducing distor 
tion- and noise-modulation effects on the output waveform 
and the consequent bias shifts therefrom which may increase 
the low-frequency phase noise of the unit. The improved 
linearity may substantially reduce AM-to-PM conversion in 
the loop, which may additionally reduce low-rate flicker and 
phase-jitter effects in the oscillator output signal. 

In the case of the embodiments using DMOs or MMOs, 
two or more independent AGC'd loops may be implemented, 
which may provide high stability with reduced interaction 
between the loops. In addition, for startup or other transient 
conditions, customized cross-coupling (for example, decou 
pling) between the loops may be added. This may allow for 
rapid, predictable startup as well as attenuation of undesired 
cross-modulations between the loops, in both transient and 
steady-state cases. 
AGCs may further allow the oscillator loops to maintain 

constant, moderate (for example, ~10-dB) potential forward 
loop gains (down-regulated by the normal AGC action) in 
each crystal mode. During startup, the oscillator circuit will 
provide extra loop gain to achieve the onset of normal oscil 
lation; once steady-state operation is achieved, the nominal 
loop gain of any oscillator in settled, linear operation is pre 
cisely 0 dB (unity), but the loops can still be operated with an 
extra gain reserve to accommodate circuit drifts, crystal activ 
ity variations, temperature effects, and the like. This excess 
gain capability may allow, for example, higher overall short 
term and long-term stabilities, higher amplitude and phase 
linearity of the oscillator circuitry, and faster, more predict 
able and repeatable startup and response to transients, and 
reduced power-supply-induced output glitches. Furthermore, 
the temperature-dependence of the electronics may be 
reduced by improving the loop-gain versus temperature char 
acteristics of the oscillator proper. Finally, tight decoupling 
and temperature-compensation of all power-supply regulator 
sub-circuits may be preferable to substantially reduce bias 
drifts and their attendant effects on low-frequency phase 
noise in the oscillator output signals. 

FIGS. 9A and 9B show a schematic diagram 900 of an 
example of a dual-mode differential oscillator circuit accord 
ing to an embodiment, which includes the differential archi 
tecture, bias circuitry with temperature stabilization, high 
performance power-supply decoupling, and independent 
linear loop AGC controls. A custom-designed RF transformer 
902 may also be provided for improved differential circuit 
balance and signal isolation. 
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In general, quartz crystal temperature stability may be 
improved by operating Substantially at the natural series 
resonant frequency of the desired crystal vibration mode. 
Consequently, an automatic frequency-control (AFC) loop 
in the oscillator may be provided to improve overall stability 
by keeping the actual oscillation frequency at the series 
resonant point. While this will permit some drift of the crystal 
resonance, in a DMO configuration as in the ORIENT sys 
tem, the relative crystal stability may be more important than 
the actual nominal frequency. An additional application of 
this effect may be in the TCXO application as discussed 
above, to temperature-compensate the primary crystal modes 
when using the quartz as a sensor (acceleration, chemical, or 
otherwise). 

FIGS. 10A and 10B show a diagram 1000 of an example of 
a differential Driscoll dual-mode oscillator implementation. 
The two bipolar transistor differential pairs Q1-Q4 and 
Q8-Q9 operate with their emitters directly coupled to the 
crystal XY1, thus maintaining a low equivalent series resis 
tance (ESR) at the crystal terminals, and also maintaining a 
maximum loaded Q and a consequently low degradation of 
the inherent phase noise of the crystal. The two differential 
transistor pairs in parallel present the equivalent load of a 
single unbalanced stage, thus achieving improved oscillator 
noise performance. Adjustable resistors R25 and R26 may set 
and balance the bias current in each differential pair. Induc 
tors XL1, XL2, XL9, and XL10 may serve to provide alter 
nating current (AC) isolation for the bias paths and avoid 
direct current (DC) potentials across the crystal, which in 
doubly-rotated cut units (for example, SC and IT) may cause 
stress and drift in the crystal itself. The combinations of 
C8-XL5 and C10-XL6 may betraps for the respective undes 
ired crystal vibrational modes. 

Resonant tank circuits C7-XL4 and C13-XL7 may be used 
across the balanced transformer primaries XT1 and XT2 for 
crystal mode selection, to separate the primary (C) from the 
secondary oscillation modes (B. or Bs). The balanced trans 
former secondary windings may be resistively terminated and 
feed differential buffer/output driver amplifiers U1 and U2. 
Feedback resistor pairs R3-R4, R2-R5, R10-R12, and 
R2-R11 may set the balanced stage gains to regulate the 
overall oscillator loop gain in each leg. C1, C2, C16, and C17 
may allow AC coupling of the feedback paths. Finally, diode 
connected transistors Q5, Q6, and Q7 may effect temperature 
compensation of the base bias for the differential cascade 
stages to hold the oscillator operating currents constant. 

In an embodiment, monolithic (for example, integrated 
circuit) "chip' construction may be used for implementing 
the elements discussed above for the differential circuit con 
figuration. The use of monolithic transistors may provide 
improved bias stability, improved temperature tracking of 
various circuits on the same chip, and a high degree of match 
ing (often better than 1%), especially over temperature. The 
differential circuit configuration may further include mul 
tiple-collector or multiple-drain devices for current-splitting. 
The area (and current) ratios may be 1:1, or other levels as 
determined based on the relative activity ratios of the two (or 
more) crystal modes utilized by the DMO or MMO circuit. 

Monolithic dual-collector (or dual-drain) transistors may 
allow the Suppression of spurious output components easier 
and also may lower the power consumption of the overall 
oscillator circuit. 

FIGS. 11A and B show a diagram 1100 of another embodi 
ment of the dual-mode differential Driscoll circuit. The feed 
back network may be implemented via a 30 dB-isolation 
hybrid RF-style combiner. As in the previous embodiment, 
the balanced, differential configuration used throughout 
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allows bias drifts to be common-mode, increases the output 
signal power for a given Supply Voltage, and provides differ 
ential outputs for follow-on active mixers. The overall topol 
ogy may be designed to facilitate monolithic implementation. 
Differential DC potential may be shunted out at the crystal to 
improve long-term drifts due to DC-induced piezoelectric 
stress, and transformer coupling may be used extensively to 
decrease circuit-generated noise and Suppress undesired 
audio-frequency gain in the oscillator loop. A bridge feed 
back network may be used, which allows a single junction 
gate field-effect transistor (JFET) with approximately 50% 
AC feedback to effect linear amplitude leveling of the loop. 
Further, high-bandwidth buffer amplifiers may be used to 
eliminate load pulling of the oscillator. 

Additionally, a bias resistance string may be provided for 
first-order temperature compensation of the bias currents. 
Inter-stage series traps may also be included to provide proper 
crystal mode selection, permit required DC bias paths, reduce 
RF out-of-band gain, and Suppress spurious oscillation 
modes in each loop. 
The embodiment may further include transistors Q2, Q3, 

Q10, and Q11 to form differential cascodes to reduce para 
metric capacitance Swings in the first stages, thus reducing 
nonlinear mixing (which may result in low-frequency noise) 
in the front-end gain stages. Ferrite beads X1 through X12, 
may be included at multiple points in the circuit to provide 
signal isolation between stages, Suppress VHF parasitics 
caused by cross-coupling in common bias paths, and increase 
overall stability. 

Alternatively, dual-balanced JFET differential pairs or 
other balanced AGC devices may be provided in the oscilla 
tor, particularly in chip processes incorporating ion-im 
planted JFETs as well as bipolar transistors. Other implemen 
tations of gain-control devices may include, for example, 
bipolar and MOS transistors, pulse-width modulated 
Switches, photocells, phototransistors, diodes, analog multi 
pliers, analog dividers, and digital circuitry involving analog 
to-digital (A/D') and digital-to-analog (“D/A) converters. 

Increased phase stability, both long- and short-term, can be 
obtained by controlling the actual oscillator loop gain (or 
excess gain). The first or second stage in the loop may be 
gain-controlled to provide a temperature-, power Supply-, and 
drift-compensated overall oscillation loop gain control to 
reduce phase variations and amplitude-to-phase conversion 
effects in the loop. While the first or second stage is discussed, 
any other place in the loop may be gain-controlled for the 
same effect. This in turn, in addition to explicit phase control 
of the loop transfer function, may increase the overall oscil 
lator output-signal frequency and phase stability with time. 
This may reduce the overall phase noise, both close-in (low 
frequency) and wideband. 

FIGS. 12A and 12B show a diagram 1200 of another 
embodiment of the dual-mode differential Driscoll oscillator 
circuit. In this embodiment, the circuit topology may be made 
substantially fully differential to make the circuit amenable to 
monolithic implementation while making bias drifts com 
mon-mode, increasing the output signal level for low Supply 
Voltages, and reducing even-order distortion in the gain loops. 
A linear gain-control mechanism may be used to reduce mix 
ing in the amplitude-limiting circuitry, and hybrid RF com 
biners may be used to preserve isolation between the C- and 
Bs-mode feedback loops. Any combination of the features 
described above for a dual-mode differential Driscoll oscil 
lator may reduce phase noise below 10 Hz for long-term 
stability, where the narrow crystal bandpass (e.g., Q>10) 
may not provide filtering of circuit-contributed noise and drift 
effects. 
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A transformer-coupled bridge circuit using a single JFET 
with approximately 50% AC feedback from drain to gate as a 
variable resistor to control the degree of imbalance may be 
provided to implement a linear, low-distortion, low-noise, 
precisely balanced attenuator. Since the JFET is operated 
with Zero DC bias current, there are no added shot or surface 
noise components to degrade the output signal. This circuit 
thus operates as an electronically adjustable differential 
attenuator which is configured to exhibit significant noise 
contributions from only one active device, plus Small addi 
tions from the fixed resistors in the bridge. Further, the elec 
tronically variable differential attenuator circuit is effectively 
composed of only linear circuit elements. 
The crystal itself may be placed between the emitters of a 

bipolar differential pair, which may form the initial gain stage 
for both oscillator gain loops. 

In this embodiment, DC-bypassed series resonant circuits, 
for example, C1, XL3, and XL6, may be provided for crystal 
oscillation mode selection and spurious rejection. These cir 
cuits may be placed between the collectors of the differential 
pairs and the emitters of the cascadegain stage which follows. 
In order to reduce frequency pulling, these circuits may use 
temperature-compensating components and may operate at 
the minimum Q required for reliable mode selection and 
spurious suppression. XT1, X1, R3, R4, R5, and C5 may be 
provided to form a voltage-variable bridge circuit between 
the drain of X1 and the secondary center-tap of XT1. When 
X1 is pinched off, the bridge may be balanced and voltage 
across the primary of XT2 may be zero. Conversely, when X1 
conducts, the bridge may be unbalanced and drive may be 
supplied to the primary of XT2. The secondary of XT2 may 
provide balanced differential feedback drive and DC bias 
through the hybrid combiner to transistors Q1 and Q2. Ampli 
fier U1 may also be provided to output gain drive and differ 
ential-to-single-ended conversion, while U3, X11, and X1 
may be provided to form the amplitude-detection and level 
ing-loop circuitry. This functionality may be correspondingly 
mirrored in the C gain loop. This is a preferred implementa 
tion of an electronic AGC circuit including a balanced bridge 
network to regulate circuit gain, where the bridge includes a 
JFET transistor or other single-ended gain-control device to 
regulate gain while maintaining approximate balance in the 
bridge. 

This form of balanced attenuator circuit is also useful for 
general analog signal processing applications in addition to 
the differential oscillator described above. 

While various embodiments of the disclosure have been 
described, it will be apparent to those of ordinary skill in the 
art that many more embodiments and implementations are 
possible within the scope of the disclosure. Accordingly, the 
disclosure is not to be restricted except in light of the attached 
claims and their equivalents. 
What is claimed is: 
1. A dual-mode oscillator, comprising: 
a crystal operable to oscillate in a main mode and in a 

temperature-measurement mode; 
a first linear gain-controlled oscillator circuit operable to 

generate a main signal of the main mode from the crys 
tal; 
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14 
a second linear gain-controlled oscillator circuit operable 

to generate a temperature-measurement signal of the 
temperature-measurement mode from the crystal; and 

a signal processor coupled to the first linear gain-controlled 
oscillator circuit and the second linear gain-controlled 
oscillator circuit, the signal processor configured togen 
erate an output signal based on the main signal and the 
temperature-measurement signal; 

wherein the temperature-measurement mode comprises a 
fifth-overtone mode. 

2. The dual-mode oscillator according to claim 1, wherein 
the main mode comprises a third-overtone C mode and the 
temperature-measurement mode comprises a fifth-overtone 
B mode. 

3. The dual-mode oscillator according to claim 1, wherein 
the crystal comprises a doubly-rotated stress-compensated 
cut crystal. 

4. The dual-mode oscillator according to claim 1, wherein 
the crystal comprises a doubly rotated IT-cut crystal. 

5. The dual-mode oscillator according to claim 1, wherein 
the first linear gain-controlled oscillator circuit and the sec 
ond linear gain-controlled oscillator circuit are disposed in a 
symmetrical differential layout. 

6. The dual-mode oscillator according to claim 1, wherein 
the first linear gain-controlled oscillator circuit and the sec 
ond linear gain-controlled oscillator circuit each comprises a 
feedback network operable to regulate oscillator loop gain. 

7. The dual-mode oscillator according to claim 6, wherein 
the feedback network comprises a plurality of resistors 
coupled in series. 

8. The dual-mode oscillator according to claim 6, wherein 
the feedback network comprises an isolation hybrid RF-style 
combiner. 

9. The dual-mode oscillator according to claim 1, wherein 
the first linear gain-controlled oscillator circuit and the sec 
ond linear gain-controlled oscillator circuit each comprises a 
balanced bridge network operable to regulate oscillator loop 
gain. 

10. The dual-mode oscillator according to claim 9, wherein 
the balanced bridge network includes a single-ended gain 
control device to regulate the oscillator loop gain. 

11. The dual-mode oscillator according to claim 10, 
wherein the single-ended gain control device comprises a 
junction gate field-effect transistor. 

12. The dual-mode oscillator according to claim 1, wherein 
the first linear gain-controlled oscillator circuit and the sec 
ond linear gain-controlled oscillator circuit each comprises a 
transformer. 

13. The dual-mode oscillator according to claim 1, wherein 
the first linear gain-controlled oscillator circuit and the sec 
ond linear gain-controlled oscillator circuit each comprises a 
plurality of inductors operable to provide alternating current 
isolation. 

14. The dual-mode oscillator according to claim 1, further 
comprising a bias String coupled to the second linear gain 
controlled, oscillator circuit, the bias String operable to pro 
vide temperature compensation of a bias current, the bias 
string comprising a plurality of diode-connected, transistors. 
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